Abstract: We report a novel high-power bistable distributed feedback (DFB) semiconductor laser diode operating near 1060 nm, which is realized by inserting a high-bandgap electron barrier layer and a grating layer in a super large optical cavity laser design. Optical and electrical bistable characteristics are both observed for this device. An ON-state optical output power of 98 mW and an on-off extinction ratio of 22 dB were demonstrated between the bistable states. A qualitative physical model based on carrier population profile shift is used to explain the switching effect. Optical flip-flop operation was also demonstrated.
Introduction
Bistable laser diodes (BLDs) are important functional building blocks for high-speed optical signal processing in next-generation optical communication systems, functioning as flip-flop optical memories and optical switches. BLDs can exhibit bistable characteristics in optical intensity, polarization, wavelength, emission direction, and frequency [1] , [2] . Bistability behaviors have been demonstrated in complex optical systems incorporating multiple discrete semiconductors and optical elements, such as master-slave lasers [3] , [4] , lasers with feedback [2] , and external cavity lasers [5] . In particular, for practical applications, monolithically integrated BLDs offer significant benefits compared to the bulk multiple elements solutions due to their advantages in footprint, cost, robustness and volume manufacturability. Monolithic BLDs reported to date included two-section mode-locked lasers [6] , [7] , vertical-cavity surface-emitting lasers (VCSELs) [8] - [10] , integrated coupled ring lasers [11] and circular resonator microlasers [12] , multimode interferometer (MMI) laser diodes [13] , dual mode distributed Bragg reflector (DBR) lasers [14] , photonic crystal lasers [15] , triangular ring lasers [16] , and distributed feedback (DFB) laser [17] , [18] . However, few of these devices except DFB laser diodes offer the advantages of providing optical emission with high optical power, dynamic single wavelength and wavelength tunability, which are important characteristics for light sources in optical communication systems.
In this paper, we report a novel bistable DFB laser diode operating near 1060 nm in the GaAs/AlGaAs material system, with a unique set of features including high spectral purity, high output power, high on-off switching ratio, and simple device design, which to our best knowledge has not been reported in literature. The device operates as a single mode DFB laser diode with side mode suppression ratio (SMSR) > 40 dB, single mode output power > 98 mW in the on-state. The lasing mode can be completely suppressed in the off-state, with an on-off switching ratio of > 22 dB. Through in-depth device characterizations, we will show that the switching behavior can be explained by sudden carrier profile shift in the double quantum well (DQW) active region, and attributed to a simple AlGaAs electron barrier layer design in our DFB laser optical cavity. A qualitative physical model based on band bending effect and carrier population shift under high current injection conditions is used to explain the switching behavior. Optical flip-flop operation is also demonstrated with the bistable DFB laser. Fig. 1 shows the layer structure of the bistable DFB laser used in our study. The structure is based on our high power Fabry-Pérot (FP) laser design reported previously [19] but with an electron barrier layer (EBL) and a grating layer inserted inside the undoped optical cavity. The effect of the EBL on electron transport will be discussed in following paragraphs. The epitaxial layer structure consists of a In 0.21 Ga 0.79 As/GaAs double quantum wells (DQW) active region placed inside a 4-m thick undoped Al 0.1 Ga 0.9 As super large optical cavity (SLOC), which is in turn sandwiched by a pair of p-and n-type Al 0.26 Ga 0.74 As cladding layers, respectively, as shown in Fig. 1 . The DQW active region with an optical gain wavelength designed for 1060 nm is positioned detuned from the center of the SLOC in order to maintain fundamental transverse mode operation with high output power [19] . The optical confinement factor for the fundamental mode of the DQW is 0.011. An Al 0.26 Ga 0.74 As cover layer with high band gap is inserted over a GaAs grating layer in the upper waveguide portion of the SLOC, which also serves as the EBL. As shown in Fig. 1 , a double trench ridge waveguide structure is employed to maintain single lateral mode stability under high current injection conditions [20] .
Design and Fabrication
The entire epitaxial structure of the bistable DFB laser was grown by Metal Organic Chemical Vapor Deposition (MOCVD) in a two-step regrowth process on n-type GaAs substrate. The epitaxial growth started by growing in sequence, a n-GaAs buffer, 500-nm n-Al 0.26 Ga 0.74 As cladding layer, 2530-nm undoped Al 0.1 Ga 0.9 As lower waveguide layer, 50-nm undoped GaAs spacer, InGaAs/GaAs DQW active layers, 50-nm undoped GaAs spacer, and 800-nm thick lower half of the un-doped Al 0.1 Ga 0.9 As upper waveguide layer. Then, a 100-nm undoped GaAs grating layer was grown. A second order Bragg grating with grating pitch of 307 nm was then formed by holographic photolithography and wet-chemical etching into the GaAs layer. In the regrowth step, a 100-nm un-doped Al 0.26 Ga 0.74 As EBL, a 600-nm thick upper half of the un-doped Al 0.1 Ga 0.9 As waveguide layer, 500-nm p-Al 0.26 Ga 0.74 As cladding layer and 100-nm p + -GaAs contact layer were then grown in sequence. The n-and p-cladding layers are Si and C doped, with a doping level of 2:4 Â 10 18 cm À3 and 1 Â 10 18 cm À3 , respectively. The growth temperature of all layers except the active layer was elevated to 680°C in order to reduce the background carbon doping level, oxygen concentration and consequently minimizing internal loss associated with free carrier absorption effects, while the DQW active region was grown at 570°C for high quality InGaAs QW. Inset in Fig. 1 shows the SEM cross sectional view of the GaAs/AlGaAs grating and Al 0.26 Ga 0.74 As EBL after regrowth. A triangle shaped second order grating groove was formed with calculated couple efficiency of 4 cm −1 . As part of the device fabrication process, double trench ridge waveguides with 3-m wide ridge and 7-m wide trench were dry etched by Inductively Coupled Plasma (ICP) etching to provide lateral optical confinement. The ridge etch stopped on top of the EBL layer. Metal contact window was opened on top of the 3-m wide ridge waveguide through a 350 nm thick SiO 2 insulation layer. Afterward vacuum deposition of evaporated Ti/Au p-contact metal was performed. The wafer was lapped to 100 m and backside AuGeNi/Au ohmic contact was deposited. Laser bars with cavity length of 1 mm were cleaved. The cleaved facets were anti-and high-reflection coated with reflectivity of < 0.001 and > 0.9, respectively, at the front and rear facets. Finally the laser chips were soldered p-side up on Cu submounts for testing. Fig. 2 shows the typical continuous wave (CW) LIV curve of the bistable DFB laser diode at 25°C. A hysteresis loop can be observed in both the LI and VI curves of the laser diode. Ramping up the current level below 400 mA (indicated as switching point 1), the bistable DFB laser operated as a conventional DFB laser. The threshold current was 100 mA, and the slope efficiency was 0.6 W/A close to the threshold. The operation wavelength was around 1060 nm with a side mode suppress ratio (SMSR) over 40 dB below switching point 1, as shown in Fig. 3(a) . The maximum single mode optical power was 98 mW. When the injection current reached switching point 1, the laser output power switched off sharply. On the IV curve, an abrupt voltage drop of 0.43 V was observed. With further increase of the injection current, the device IV operated as a conventional diode but at a lower voltage level, while the optical power level stayed quenched. From Fig. 2 , with the injection current ramping down from 400 mA, the optical power and the device voltage exhibited only gradual changes, until 330 mA (indicated as switching point 2), where both the optical power and voltage experienced a sudden jump back to the pre-switching level. Below switching point 2, both the IV and LI curves retrace their pre-switching characteristics. Overall bistable states of both optical output intensity and bias voltage existed in our bistable DFB laser diode over the current range between switching point 1 and switching point 2.
Device Characterizations and Discussions
The maximum on state output power was 98 mW, while the off state optical power was less than 1 mW, resulting in an on-off extinction ratio of 22.3 dB. Fig. 3 (a) and (b) shows the corresponding optical spectra of the bistable DFB laser diode operating near the switching points 1 and 2, respectively. When the injection current increased toward switching point 1, the laser diode exhibited expected single DFB mode lasing behavior with a peak wavelength of 1062.4 nm, and a SMSR greater than 40 dB. The broad spontaneous emission background peak located at 1054 nm. When the injection current increased above switching point 1, a switching event occurred and the lasing action was quenched along with a sudden optical power drop, with only the spontaneous emission background remaining. Ramping the current level back down, only the spontaneous emission was observed until switching point 2 was reached. Below switching point 2, the DFB lasing mode recovered along with the optical power jump. Overall the bistable states between the switching point 1 and 2 are associated with a DFB lasing state and a non-lasing spontaneous emission state in the optical spectra, along with the abrupt optical power and voltage jumps. Careful measurement of far-field profiles of multiple devices exhibiting the switching behaviors show no discernable sudden shifts in the optical power profiles in both lateral and transverse directions. For comparison, we also fabricated Fabry-Pérot (FP) devices based on identical epitaxial structure, but without the Al 0.26 Ga 0.
74 As EBL and GaAs grating layers, and undergoing identical fabrication process [19] . No bistable behaviors were observed in either the LI or IV curves of these FP devices under identical testing conditions. Consequently we believe the switching behavior in the DFB design can be attributed directly to the composition of the EBL and grating structure itself and its interaction with the DQW electron and hole populations at various injection current conditions.
The bistable switching behaviors in our bistable DFB laser diode occur between a DFB mode lasing state and non-lasing state. We believe the abrupt switching between lasing and nonlasing states can be explained by a sudden change in the modal gain Àg of the laser, which is a function of the spatial overlap integration of the QW gain profile (function of QW carrier Fig. 3 . CW optical spectra of the bistable DFB laser diode above and below (a) switching point 1 (ramping current up) and (b) switching point 2 (ramping current down). distribution) and the optical modal profile. In principle a sudden change in either the QW carrier distribution or the optical mode intensity distribution can produce a change in the modal gain, and produce the two distinct states (lasing vs. non-lasing) observed. Since we did not observe any optical far-field profile shifts and any other additional optical modes in the optical spectrum, it suggests that the optical mode profile did not shift during the switching process, instead a sudden QW carrier distribution shift is the most likely explanation. The abrupt LI, optical spectrum transitions observed can all directly result from the large modal gain change. In a semiconductor laser diode, the forward biasing voltage across the junction is equal to the quasi-Fermi level separation across the active region, which is a function of the electron and hole carrier population densities inside the active region. The sudden voltage changes during switching as shown in Fig. 2 are also indicative of a sudden carrier population shift in the DQW active region.
Overall we have the following qualitative explanation for the switching effect in our bistable DFB design. Fig. 4(a) and (b) shows the calculated band diagrams and quasi Fermi levels of our bistable DFB laser structure for low (near threshold) and high current injection conditions respectively. Electrons and holes are injected from n-and p-cladding layer into the intrinsic SLOC and recombine at the DQW (indicated as reservoir 1) resulting in the lasing state of the bistable DFB laser under low current injection conditions shown in Fig. 4(a) . In particular the 100-nm thick EBL inserted in the upper waveguide (UWG) serves to block the leakage electron transport from DQW toward upper waveguide. Comparing Fig. 4(a) and (b), we can see that under high current injection conditions, a separate carrier reservoir (indicated as reservoir 2) can be maintained in the 600-nm thick Al 0.1 Ga 0.9 As waveguide layer right above the EBL layer. From Fig. 4(b) we also note that the undoped EBL layer exhibits significant band bending effect under high biasing conditions, which effectively creates a triangular shaped barrier and reduces the effective barrier thickness. This can lead to a sudden enhancement of electron transport across the EBL layer to the separate carrier reservoir 2 that acts as a non-radiative recombination center and does not contribute to the optical modal gain. The sudden overall carrier population shift away from the DQW active region thus reduces the overall DFB modal gain, and result in the optical and electrical switching behaviors discussed above. By comparison for the FP laser without the grating and the EBL for carrier confinement, no separate reservoir 2 carrier population buildup occurs, and the device operates with only a single carrier population at the DQW with normal LI and IV characteristics. Other complex optical and thermal nonlinear effects inside the laser cavity under high injection conditions may also be secondary contributing factors for the switching effect. More in-depth device modeling are required to systematically quantify these effects, which we plan to pursue in the future.
We next demonstrate the bistable DFB laser operating as electrically triggered optical flipflop. For the device shown in Fig. 2 , forward DC bias was applied at 370 mA, while an AC current trigger signal consisting of positive (indicated as SET pulse) and negative (indicated as RE-SET pulse) current pulses with pulse width of 50 s, amplitude ∼150 mA and repetition frequency of 1 kHz was applied to the device, as shown in Fig. 5 . As can be seen, the device output power can be toggled between the on and off states, with an extinction ratio (ER) of 22.5 dB. Slight drooping of the optical power level in the on state is observed, which can be attributed to device heating effect after being turned on. Further experimental investigation of the optical flipflop operation is currently underway, but clearly the 1060-nm bistable DFB laser demonstrates potential for high power single mode optical switching and optical flip-flop operations with high ER.
Conclusion
In conclusion, we report a novel 1060-nm high power bistable single mode DFB laser, with an on-state optical power of 98 mW, on-off optical power extinction ratio of greater than 22 dB. Associated bistable behaviors in the LI, IV and optical spectra were analyzed in detail. The bistable laser switched between a lasing DFB state and non-lasing spontaneous emission state, and we believe its operation can be attributed to the presence of an EBL in the DFB grating structure, which allows a sudden carrier population distribution shift of the DQW active region. We also demonstrate that our bistable DFB laser can operate as an electrical triggered high power optical flip-flop with high extinction ratio. The relatively simple epitaxial design and device operation imply that it is compatible with potential volume manufacturing product markets. The device design can, in principle, also be implemented in InP based material system operating at the traditional optical communication wavelengths of 1310 nm and 1550 nm, as required.
